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Abstract In this paper, we present a method to align opti-
cal fibers within 0.2 μm of the optimal position, using tube
laser bending and in situ measuring of the coupling effi-
ciency. For near-UV wavelengths, passive alignment of the
fibers with respect to the waveguides on photonic integrated
circuit chips does not suffice. In prior research, it was shown
that permanent position adjustments to an optical fiber by
tube laser bending meets the accuracy requirements for this
application. This iterative alignment can be done after any
assembly steps. A method was developed previously that
selects the optimal laser power and laser spot position on the
tube, to minimize the number of iterations required to reach
the target position. In this paper, that method is extended to
the case where the absolute position of the fiber tip cannot
be measured. By exploiting the thermal expansion motion
at a relatively low laser power, the fiber tip can be moved
without permanent deformation (only elastic strain) of the
tube. An algorithm has been developed to search for the
optimal fiber position, by actively measuring and maximiz-
ing the coupling efficiency. This search is performed before
each bending step. Experiments have shown that it is possi-
ble to align the fiber with an accuracy of 0.2 μm using this
approach.
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1 Introduction
Recent development in photonic integrated circuits (PIC’s)
require advances in the optical alignment and assembly
of the components. For single-mode fiber coupled opti-
cal chips, the fiber alignment and packaging is the most
expensive phase in the manufacturing of these devices [14].
Moreover, for small wavelengths in the near-UV range, the
mode field diameter is small, resulting in a required lat-
eral alignment accuracy in the order of 0.1 μm, to obtain
an acceptable insertion loss [1]. Passive alignment meth-
ods, such as etched V-grooves in glass or silicon, can-
not be employed here, due to the geometrical tolerances
(most notably the core-cladding concentricity) of commer-
cial available fibers exceeding the alignment requirements
[2]. This also implies that fiber array assemblies cannot be
aligned simultaneously, since the core-to-core pitch can not
be guaranteed to be within the required tolerances.
Therefore, a one-time active alignment per fiber is often
used, where the optical coupling efficiency is minimized
by sending light through the device and measuring the
transmitted power. A hill-climbing algorithm or other opti-
mization method can be used to optimize the transmission
while moving and aligning the fiber by, for example, a
high-precision motorized stage [6, 13]. When the optimal
position is found, the fiber is fixed to the chip, usually by
UV-curing adhesive [2]. However, adhesives are prone to
shrinkage during or after the curing process, which causes
misalignment after the final bonding step [8]. Therefore,
there is a need for alignment methods to (re)align the fiber
actively by an actuator integrated in the device. This one-
time alignment is done after any manufacturing processes
that might disturb the alignment, such as shrinkage of the
used adhesives. To achieve this, we propose using a laser
forming micro-actuator.
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Stark et al. [11] used laser forming to align multiple
fibers with respect to a micro-lens array with a pitch of
2 mm. One actuator consists of three ‘legs’ in a ‘Y’ shape,
where each leg can be shortened by laser forming. A fiber is
fixed in the center of each actuator. The authors achieved a
minimum lateral step size of 0.2 μm of the fiber. However,
the heat input to the legs of this actuator requires careful
planning of the irradiations to prevent excessive heating of
the fiber and adhesives. Zandvoort et al. [12] aligned mul-
tiple optical fibers with respect to an optical chip, using
laser forming to shorten the four legs in a ‘+’ shaped actu-
ator. Multiple actuators were stacked to align an array of
fibers individually, each with an accuracy of 0.25 μm. How-
ever, this actuator requires a large base frame of about
30 mm × 30 mm, which significantly increases the total
packaged volume of such a device.
Previous work has shown that laser bending of metal
tubes is a feasible method to achieve this one-time precision
alignment [4], despite the significant scattering of the bend-
ing magnitude and direction of this process. The scattering
in bending magnitude was found to increase for increasing
laser power (and therefore with increasing bending magni-
tude). On contrary, the scattering in bending direction was
found to decrease with increasing laser power.
Figure 1 shows a sketch of how the tubes and fibers are
positioned to the chip. The fibers are fixed in the tubes and
the tubes are fixed to the connection block. The connection
block can be aligned and joined to the chip, which would
typically result in fiber to chip accuracies in the order of
2 to 5 μm. This assembly allows the use of laser bending
to align the individual fibers precisely with respect to the
waveguides in the chip, with a waveguide pitch of 1 mm.
Little research is available on the laser bending of tubes
with a diameter in the order of 1 mm. Jamil et al. [7]
recently studied the bending of nickel micro tubes with an
outer diameter of 1 mm and a wall thickness of 50 μm,
Fig. 1 Sketch of how multiple fibers can be aligned to a PIC using
tube bending
using a high-power diode laser. The authors concluded that
the bending angle is small for any combination of pulse
duration and laser power due to the thin walls not offer-
ing enough resistance to counteract the thermal expansion,
resulting in little plastic deformation. Pre-stressing the tube
by displacing its free end resulted in a significant increase
of the bending angle, almost linear with the amount of ini-
tial displacement. Chandan et al. [3] reported on the laser
bending of stainless steel micro tubes with an outer diam-
eter of about 1 mm and a wall thickness of 150 μm. The
authors concluded that the bending angle increases both
with an increasing pulse energy (at constant pulse dura-
tion) and with a decreasing pulse duration (at constant pulse
energy). Qi and Namba studied the laser bending of 8 mm
304 stainless steel rods [10], by scanning the laser in the
axial direction. The authors achieved a repeatable bending
angle of 1.75 × 10−3 mrad. Moreover, it was observed that
multiple scans increase the bending angle linearly, except
for the first scan, which shows a significant larger bending.
2 Goal and outline
This paper aims at developing a tube laser bending algo-
rithm to align an optical fiber to a PIC, making use of only
the light through the fiber for position sensing. Due to the
fiber being fully enclosed by the tube, there is no knowledge
of the absolute fiber tip position. However, by moving the
fiber, the coupling efficiency can be maximized by actively
measuring the transmitted power. The complete iteration
scheme for aligning one fiber to its target can be broken
down as:
1. Scan. Estimate the relative target position by moving
the fiber using a scanning algorithm.
2. Parameter selection. Determine optimal laser power
and beam position on the tube to reach the estimated
target position.
3. Bending. Execute the laser bending step and measure
the coupling efficiency.
4. Stop condition. Evaluate the stop condition based on the
coupling efficiency. If it is not met, go to step 1.
The following sections explain these steps in more detail.
First, the fiber alignment tube actuator that was previ-
ously developed is detailed in Section 3. The proposed scan
algorithm as well as the thermal expansion motion is pre-
sented in Section 4. In Section 5, the selection of the laser
power and laser spot position to reach the scanned target
is explained. The scan and bending step are repeated until
the stop condition given in Section 6 is met. The algo-
rithms are tested with an experimental setup, see Section 7.
The results of experiments with the scan algorithm and
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alignment experiments are given in Sections 8.1 and 8.2,
respectively. Finally, the results are discussed in Section 9
and the conclusions are summarized in Section 10.
3 Fiber alignment by laser tube bending
The assembly of the tube and the optical fiber is shown in
Fig. 2. The single-mode optical fiber is fixed concentrically
in the 18-mm-long metal tube using a 10-mm-long mating
tube. The laser spot is located at an axial distance d from
the fiber tip, at an angle φexp. The steel tube has a outer
diameter of 711 μm and a wall thickness of 89 μm. These
dimensions were found to perform the best with the align-
ment algorithm [5]. The bending angles are small, therefore
the lateral displacement of the fiber tip can be expressed as
δr = d · α, where α is the bending angle after the tube has
cooled down (see Fig. 2).
4 Scanning for the target position
The optimal position of the fiber is where the transmitted
power from the fiber into the PIC is maximized. The relative
coupling efficiency can be measured by measuring the laser
power transmitted through the chip, while a fixed-power
laser source is connected to the fiber.
When using the Gaussian beam approximation [9] and
assuming the angular alignment is perfect and the axial sep-














Where δ is the lateral offset between the fiber and target,
and wf and wc are the mode-field radii of the fiber and
chip, respectively. Figure 3 shows the coupling efficiency
for wf = 1.55 μm and wc = 2.25 μm, which is used in the
remainder of this paper. The fact that the optimal coupling
efficiency is not 1 is due to the mode mismatching of the
fiber and the chip. As can be concluded from the figure, for
δ = 0.2 μm, the loss is 1 % of the optimal coupling effi-
ciency. When δ is larger than 4 μm, the coupling efficiency
is close to zero, and cannot be reliably measured.
4.1 Thermal expansion motion
The coupling efficiency through the interconnect is the
only measured quantity for the two-dimensional alignment.
Therefore, a searching method for the optimal alignment
position is required. This searching can be done between
each bending step, by exploiting the thermal expansion
motion when heating the tube by laser irradiation.
That is, at low laser power (1 to 3 W) and short pulse
duration (50 ms), the yield stress in the tube is not exceeded,
and only thermal and elastic strain occurs. That means that
the final bending angle after cooling down is not changed.
The direction of thermal expansion is assumed to be equal to
the laser spot angle around the tube (φexp), and is therefore
known. The magnitude of the thermal expansion bending
angle β, however, is not known.
Using the experimental setup (described in Section 7), it
has been found that the bending due to thermal expansion
reproduces very well. A prerequisite for this repeatability
is that no initial stresses are present in the tube near the
laser spot, and no oxidation of the tube surface due to the
laser heat is formed. Therefore, the bending angle due to
thermal expansion is characterized at d = 7.5 mm, which
Fig. 2 Fiber and tube assembly used in the experiments. The coordinates of the fiber tip are depicted on the left
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is outside the region where the actual bending is to occur
(3 mm ≤ d ≤ 7 mm). Figure 4 shows the measurement of
β for 36 laser pulses on different locations on four iden-
tical tubes, all at a laser power of 3 W. The repeatability
of this expansion angle β is 0.15 mrad, which corresponds
with a repeatability of 1.1 μm at the fiber tip. The maximum
bending angle at the end of the pulse is βmax = 3.2 mrad, cor-
responding to a tip displacement of 24 μm. This limits area
in which the target can be found to be a circle with a radius
of 24 μm around the current position Xf (see Fig. 2). The
same measurements have been repeated for a laser power
of 2 and 1.5 W. The repeatability of the expansion angle
were found to equal 0.12 and 0.10 mrad, respectively, cor-
responding with a fiber tip position repeatability of 0.9 and
0.75 μm.
To estimate β when aligning the fiber to a chip (where
the fiber tip position is unknown), the heating phase of these
measurements is fitted with a fourth-order polynomial β¯,
shown by the red dashed line in Fig. 4. This curve relates
the elapsed time t of the laser pulse to the expansion angle.
With the known scan direction φscan = φexp, the position of
the fiber tip Xf during heating can be estimated by:







The scanning algorithm is an iterative algorithm that aims
at finding the maximum coupling efficiency, by moving
the fiber with respect to the target. The location of this
maximum, relative to the current position, then defines the
direction and magnitude for next tube bending step. Figure 5
shows the flowchart of the scanning algorithm.
Fig. 3 Theoretical coupling efficiency of a fiber to chip coupling for
wf = 1.55 μm and wc = 2.25 μm, assuming perfect tilt and axial
alignment
For each scanning iteration i, the fiber is moved by ther-
mal expansion in the direction φ(i)scan. The initial direction
φ
(1)
scan is set to the direction of the initial guess of the rela-
tive target position Xˆ
(0)
d . For the first scan, Xˆ
(0)
d is set by the
user. For each subsequent scan, Xˆ
(0)
d is set to the estimated
destination position from the previous scanning action.
The relative coupling efficiency η is measured in real
time during the scan time 0 ≤ t ≤ tpulse. If no signal is
found (i.e., max η(t) = 0), or if the number of scan itera-
tions is less than four, the next scan direction φscan is set in
the center of the largest ‘unscanned’ area, and the measure-
ment is repeated. As a result, the four initial scan iterations
always result in a ‘+’ shape of the scan path, see Fig. 6. This
ensures that an inaccurate initial target guess does not result
in an excessive amount of iterations for the hill climbing
algorithm.
When a signal is found for the current iteration, the max-
imum coupling efficiency η(i)max occurs at t = tmax. The
best estimate of Xd is now Xˆ
(i)
d = Xˆf(tmax). The next scan




step = −0.5φ(i)step (3)
φ(i+1)scan = φ(ibest)scan + φ(i+1)step , (4)
where ibest is the scan iteration where the overall maximum
coupling efficiency occurred. This means that the next scan
direction alternates around the direction where the best cou-
pling efficiency was measured, with the step size halving
each iteration.
If a signal is found (η(t) > 0) for four or more scan iter-
ations, a two-dimensional Gaussian surface is fitted through
Fig. 4 Measured bending angle for 36 laser pulses at different posi-
tions on four identical tubes (each tube is indicated by a separate
color). For the pulse duration of 50 ms and laser power of 3 W, the
yield stress is not exceeded, and therefore the final deformation angle
is zero. The dashed red line indicates the fourth-order polynomial fit
through the heating phase, used for estimating the angle for thermal
expansion
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the measurement data (η and Xˆf) of all previous iterations,
see Fig. 6. If the squared 2-norm of the residuals of this
fit is above 10, it is discarded. This is necessary to prevent
bad fits due to numerical problems or noise in the measured
data. If the fit is discarded, the hill-climbing is continued.
Otherwise, the maximum of this fit is now the best estimate
of Xd, and φ
(i+1)
scan is set to the direction of this maximum.
The iteration is stopped when the change in coupling effi-
ciency from the previous iteration and the difference with
Fig. 5 Flowchart of the scanning algorithm
the overall maximum is within a tolerance ηtol. That is, when
both
|η(i)max − η(i−1)max | < ηtol and
|η(i)max − η(ibest)max | < ηtol
(5)
are satisfied. With decreasing ηtol, the target position esti-
mation is more accurate, at the cost of more iterations.
Therefore, the tolerance depends on the coupling efficiency
η0 before the scan as ηtol = 0.1 · (1 − η0). That is, the
tolerance is 10 % of the difference of the initial coupling
efficiency to the theoretical maximum. This results in a
more accurate estimation of Xd when the target is already
close.
Furthermore, the laser power is lowered when the target
is near, to increase the accuracy of the fit β¯ (see Section 4.2).
The power is reduced to 2 or 1.5 W when the estimated
distance to the target is below 2 or 1 μm, respectively.
5 Laser parameter selection
The estimated destination location Xˆd is found by scanning
before each bending step (see Section 4.2). This position
is relative to the current fiber position Xf. Therefore, the
estimated distance of the fiber tip to the target is δˆd = ‖Xˆd‖.
Fig. 6 Example of one target scan, with the rest position in the origin.
Each numbered line is a scan iteration using the thermal expansion of
the tube. The line color indicates the measured signal (black: no signal,
white: high signal), the shaded area indicates the Gaussian surface fit
trough these signals (with inverse colors for contrast). Note the ‘+’
shape of the first four iterations, even when a signal was already found
at iteration 3. At iteration 5, the hill climbing starts, ending at iteration
11, which is almost equal to iteration 10, and meets the stop condition
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A method has been developed [5] that determines the
optimal laser power Popt and laser spot position dopt to min-
imize the required number of bending steps. This method
takes the scattering into account, by ‘learning’ from posi-
tion measurements of previous bending steps. A tradeoff has
been identified between high certainty in either the bend-
ing angle α when choosing a low laser power, or in bending
direction φr when choosing a high laser power. An optimum
in d and P can be found or each desired step size δd, by
minimizing the expectation of the error e (see Fig. 2) after
the bending step, by assuming a normal probability distri-
bution for α and ω, with a mean and variance depending on
the laser power P .
However, as stated earlier in this paper, it is assumed
that the fiber position cannot be measured directly. There-
fore, the learning algorithm from [5] cannot be used. It is
therefore required to gather historical response data of the
bending angle and direction to the laser power beforehand.
Figure 7 shows the optimal parameters used in this paper,
based on the measurements presented in [5].
6 Stop condition of alignment iteration
The scanning and bending iterations continue until the cou-
pling efficiency η is within 1 % (0.15 μm, see Eq. 1) of the
optimal coupling efficiency ηopt. However, ηopt is unknown
beforehand. Therefore, ηopt is estimated by the maximum
coupling efficiency that has been measured during the past
scanning and bending steps. This estimated maximum ηˆopt
converges to ηopt with an increasing number of bending and




Fig. 7 The optimal parameters depending on the desired fiber tip dis-
placement δd, based on the optimization and data from [5]. The laser
power is limited to 10 W to prevent melting of the tube
However, the stop condition can be met before ηˆopt has
converged close to ηopt. This is avoided by requiring the
condition in Eq. 6 is met twice. The scan step in between
those two bending steps (see Section 4.2) ensures that
the estimate ηˆopt is improved, due to the scanning in all
directions.
7 Experimental setup
To test the performance of the scanning and alignment
algorithms, an experimental setup has been developed that
allows for fully unattended laser bending of the tube to align
an optical fiber to a pre-set destination position.
The position of the fiber cannot be measured during the
fiber to chip alignment. However, the lateral (X,Y) dis-
placement of the fiber tip is of interest to evaluate the
performance of the algorithm. Therefore, this experimen-
tal setup is used to measure the fiber tip position by the
light emitted from the fiber, instead of the coupling effi-
ciency. This means that a PIC chip is not in place in this
setup. However, the coupling efficiency with respect to
such a chip is simulated in real-time by using Eq. 1 and
the measured distance to the destination δd. This simulated
coupling efficiency is therefore used to test the alignment
algorithm.
7.1 Tube sample and fixation
The 304 stainless steel tubes received a hard temper treat-
ment after drawing. The tube dimensions are listed in
Table 1. A single-mode fiber (Thorlabs SM600) was fixed
to each tube as shown in Fig. 2. The tube with the fiber is
clamped in a custom brass clamp over 2-mm length (see
Figs. 8 and 2). The clamp with the tube can be aligned to the
measurement system in all directions (except for the rotation
around the tube axis) using motorized and manual stages.





Laser 1/e2 spot diameter 400 μm
Laser wavelength 1080 nm
Laser pulse duration 100 ms
Tube outer diameter 711 μm
Tube wall thickness 89 μm
Tube material 304 Stainless steel
Fiber diameter 125 μm
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7.2 Laser and beam delivery
A fiber laser (JK 100FL, max. 100 W, 1080 nm) showing a
Gaussian intensity distribution and a 1/e2 spot diameter of
400 μm at the tube surface, is used to heat and deform the
tubes. The laser spot is either positioned directly on the tube,
or via one of two fixed mirrors near the tube, see Fig. 9. A
camera is mounted on the focusing head to align the laser
beam to the tube. Using the tip/tilt mirror, three radial posi-
tions spaced 120◦ from each other, and the complete tube
length are accessible by the laser spot. Additionally, since
the spot size is smaller than the tube diameter, a small devi-
ation of ± 35◦ from these radial positions can be tolerated.
This means that for φexp three evenly spaced ‘blind spots’
of 50◦ are present that can not be reached by the laser
beam.
7.3 Fiber position measurement
Figure 9 shows the optical elements to measure the dis-
placement of the fiber tip; Fig. 8 shows a photo of the
tube with fiber positioned in front of the measurement
system. A low power laser source (2 mW, 650 nm) was con-
nected to the free end of the fiber. The beam emitted from
the fiber was focused with an aspheric lens with a focal
length of 4.6 mm. The beam position was measured by two
Fig. 8 Detail photo of the experimental setup
duo-lateral position sensing detectors (PSDs) via beam-
splitters. Furthermore, a camera is used to find the focus
position of the fiber with respect to the lens, see Fig. 9.
To calibrate the PSD signals with respect to the lateral
displacement, the relative position of the clamp with the
tube and fiber with respect the PSDs is measured by capac-
itive displacement sensors. The relation of the signal from
the PSDs and the fiber position is calibrated by moving
the clamp with the tube, and measuring the translation with
the capacitive sensors. The (quadratic) relation was found
by multivariate linear regression, using the least squares
estimate.
After calibration, the capacitive sensors are used to sub-
tract any external influences (for example vibrations or
thermal variations) from the measurement. The resulting
signal gives the lateral position of the fiber tip with a reso-
lution of 50 nm, a maximum absolute measurement error of
0.2 μm and a repeatability better than 0.1 μm over a range
of ±25 μm.
All measurement signals are processed by a Matlab
Simulink Real-time environment, sampling at 5 kHz. For
each deformation step, the signals are processed to extract
the relative tube deformation magnitude and direction. The
Fig. 9 Schematic overview of the experimental setup
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Table 2 The results of five alignment experiments. All experiments
start at the location Xf = (0, 0)
# Target Xd (μm) Nr. of steps Final error e (μm)
1 (–8, 6) 16 0.19
2 (1, 10) 8 0.04
3 (–6, –8) 12 0.19
4 (5, 9) 5 0.09
5 (–9 5) 12 0.09
beam position, laser power, triggering, and tube positioning
stages are all fully computer-controlled.
The setup and measurement system is explained in more
detail in [4].
8 Results
Both the scanning and alignment algorithms were tested
with the experimental setup. Five alignment experiments are
performed, where the initial distance to the target was set to
10 μm, each with a random direction, see Table 2.
8.1 Target searching experiments
The scan algorithm has been evaluated with the experi-
ments listed in Table 2. The estimated target position error is
defined as escan = |Xˆd−Xd|. Figure 10 shows the histogram
of the error relative to the distance to the target (escan/δd)
for 94 scan experiments. The histogram shows that 90 %
of the scans have an error that is smaller than the distance
to the target, resulting in a bending step that is likely to
converge to the target. The remaining 10 % of the scans
Fig. 10 Histogram of the relative error of the scanning algorithm to
the (real) distance to the target δd for 94 scan experiments. escan =
|Xˆd − Xd|
have an error larger than the distance to the target, which
mostly happens when the δd < 0.5 μm. This is a limita-
tion on the accuracy of the fit β¯ at the start of the pulse
(see Section 4.1). This accuracy is mostly limited by the
sampling time of the acquisition hardware combined with
the fast motion of the fiber during the thermal expansion.
An even lower laser power would result in a slower expan-
sion, but 1.5 W is the minimum power for the used laser
system.
8.2 Alignment experiments
The alignment algorithm has been tested using the esti-
mated target positions Xˆd (see Section 8.1). For experiments
listed in Table 2, the number of steps required to reach the
stop condition is between 5 and 16. All experiments ended
within 0.2 μm from the target position. A typical path is
Fig. 11 Path of alignment experiment 2 (see Table 2). The red circle
indicates the actual target zone. The black line indicates the location
of the fiber tip between each deformation step, connected by straight
lines. The red arrows indicate the measured direction of the thermal
expansion at each bending step. The scanned estimated destination Xˆd
is indicated by a numbered ‘+’, corresponding to the scan prior to each
bending step
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shown in Fig. 11. Note the large deviation from the planned
path for the second step in this figure. This is due to the
‘blind spots’ on the tube that cannot be accessed by the laser
(see Section 7), instead the closest accessible direction is
chosen.
9 Discussion
In this paper, we have shown the principle of precision
optical fiber alignment by laser tube forming on steel
tubes. It is expected that even better accuracy and stabil-
ity can be obtained using tubes from low thermal expan-
sion metals such as Invar. Unlike steel, the linear thermal
expansion coefficient (CTE) of Invar at room tempera-
ture (1.6 × 10−6 K−1) is comparable to that of the chip
(1× 10−6 K−1 to 2.5× 10−6 K−1). Above 200 ◦C, the CTE
of Invar rises sharply, making it suitable for laser forming,
while the position is stable at the operating temperature of
the device.
Furthermore, the length of the tube has been chosen such
that d can be chosen between 3 and 7 mm, allowing for
a wide range of step sizes δd. However, it is expected that
the initial ‘rough’ alignment of the tube assembly is within
5 μm. Figure 7 shows that in this case dopt does not exceed
4.5 mm. Therefore, the tube (and the free fiber length) can
be shortened significantly, to increase the stiffness of fiber
tip position and reduce its mass. This improves the stabil-
ity of the fiber tip when the device is subject to external
vibrations.
10 Conclusion
Fiber positioning using micro tube laser bending was
demonstrated to be accurate enough for the alignment with
respect to an photonic integrated circuit chip. Because the
fiber position cannot be measured inside the tube, the optical
coupling efficiency is measured instead. The maximum of
this coupling efficiency is found by moving the fiber tip, by
exploiting the thermal expansion motion of the tube. A scan-
ning algorithm is developed to find the estimated position
of this maximum, even when no light is transmitted in the
initial position. The estimated position is used as target for
the laser forming step, resulting in a permanent deformation.
This is repeated until a stop condition based on the coupling
efficiency is met.
Experiments using this searching and alignment algo-
rithm show that a final accuracy of 0.2 μm is achieved
within 5 to 16 steps. The accuracy is limited by the repeata-
bility of the thermal expansion motion and the measurement
timing precision, while scanning for the target position.
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